Blue-green dual-emitting phosphors Ca 3 Lu(GaO) 3 (BO 3 ) 4 
) were synthesized via a traditional solid-state reaction method. The phase of the phosphors was characterized by X-ray diffraction and the luminescence properties were investigated using the excitation and emission spectra, decay curves, temperature-dependent emission spectra, CIE chromaticity coordinates, and the internal quantum The integrated emission intensity of CLGB:0.04Ce 3+ ,0.40Tb 3+ at 423 K was found to be about 74% of that at 303 K. Finally, under 300 mA driven current, the fabricated prototype white light-emitting diode showed CIE chromaticity coordinates of (0.3996, 0.3856) and high color rending index of 81.2.
Considering all the above characteristics, the obtained CLGB:Ce 3+ ,Tb 3+ phosphors can be a type of multicolor emitting phosphor for application in white light-emitting diodes.
Introduction
Nowadays, environmental and energy issues are attracting increasing attention, so resource-saving and environmentfriendly industries are valued. [1] [2] [3] [4] In the lighting industry, white light-emitting diodes (w-LEDs) have many advantages in lighting applications, such as having long working lifetimes and high luminous efficiency, and being energy-saving and environment-friendly, which meet the requirements of saving energy and protecting the environment. [5] [6] [7] [8] [9] [10] At present, two methods have been used to fabricate the w-LEDs; one is combining a blue InGaN chip with commercial yellow phosphor Y 3 Al 5 O 12 :Ce 3+ , and the other is using an ultraviolet/near ultraviolet (n-UV; 350-420 nm) LED chip and tricolor (red, green, and blue) phosphors. [11] [12] [13] [14] [15] [16] The former one suffers from low color rendering index and high correlated color temperature, while the latter one has the drawback of adjusting the proportion of the tricolor phosphors in particular applications. 17 In fact, the luminescence properties of the w-LEDs based on the tricolor phosphors are greatly affected by the mixing degree, so it is important to explore novel phosphor with single phase to meet the requirement of practical application in w-LEDs.
Many rare-earth ions co-doped luminescent inorganic phosphors have been studied due to the energy transfer between a sensitizer (e.g., Dy 3+ 
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However, Tb 3+ ions exhibits a narrow weak band in the n-UV region, because of the spin-forbidden 4f / 4f transitions. On the contrary, Ce 3+ ions could show a strong and broad absorption band in the n-UV region when it is doped into particular compounds, owing to the 4f / 5d parity-allowed transition.
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Thus 
Experimental
The were mixed thoroughly and then coated on a 365 nm LED chip by using silicone to fabricate w-LED device. The photoelectric properties and spectral power distributions of the fabricated devices were measured by using an integrating sphere spectroradiometer system (HAAS-2000, Everne) and a corrected spectrometer, respectively. The PLE spectrum monitored at 400 nm showed a weak excitation band peaking at 281 nm from 250-300 nm wavelength region and an intense broad excitation band peaking at 345 nm from 300-392 nm wavelength region, which were assigned to 4f-5d transition of Ce 3+ ions in CLGB:0.04Ce 3+ phosphors.
Results and discussion
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Importantly, the broad excitation band from 300 to 392 nm matched well with the emission spectra of n-UV LED chips. 
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According to Dexter's theory, effective ET between activator and sensitizer need to meet two conditions: (1) the PL spectrum of the sensitizer (herein was Ce 3+ ions) and the PLE spectrum of the activator (herein was Tb 3+ ions) had enough overlap; (2) when monitored at the dominant emission wavelength of the activator, the PLE spectrum of the co-doped sample (herein was CLGB:Ce
3+
,Tb 3+ ) should have not only the characteristic excitation bands of the activator ions but also the characteristic 25 These results obtained from the DRS were well accordance with the PLE spectra in Fig. 3 .
To nd the optimal doping concentration of Ce 3+ ions in CLGB host, a series of Ce 3+ ions single doped CLGB phosphors were synthesized and the PL spectra excited at 345 nm were shown in Fig. 5 enhanced, as can be clearly seen in Fig. 6(a) and (b) . Especially, Tb 3+ green emission intensity reached the maximum when y ¼ 
where I s0 and I s are the PL intensity of the Ce 3+ sensitizers without and with the presence of Tb 3+ ions, respectively. Based on the eqn (1), the results were measured and listed in Fig. 6(b The decay curves of Ce 3+ ions in CLGB:0.04Ce 3+ ,yTb 3+ phosphors were measured under 345 nm excitation, as shown in Fig. 6(c) . The decay lifetimes were measured by the following double exponential expression:
where t is time and I is luminescence intensity; s 1 and s 2 are the exponential components of lifetimes; A 1 and A 2 are constants. It can be clearly seen from Fig. 6(c) In general, the ET from a sensitizer to an activator in certain phosphor may take place via exchange interaction and electric multipolar interaction. 56 For the exchange interaction, the critical distance (R c ) between the doping ions (herein were the Ce 3+ and Tb 3+ ions) should be smaller than 5Å and it can be obtained by the follow equation:
where V is the volume of the unit cell, x c is the total optimal concentration of the doping ions in co-doped phosphors, and N is the number of sites in the unit cell that can be substituted by the doping ions. For the CLGB:0.04Ce Fig. 7 . By compared the tting result R 2 which represents the tting correlation, the maximum value reached when n ¼ 10 (see Fig. 7(c) Fig. 9(a) and (b) , respectively. Clearly, the PL intensities of CLGB:0.04Ce 3+ and CLGB:0.04Ce 3+ ,0.40Tb 3+ phosphors decreased with the increasing temperature and they were dropped about 50% (remained 50%) and 26% (remained 74%) at 423 K of that measured at 303 K, respectively (see Fig. 9(c) 
where I 0 and I are the integrated intensities at room temperature (303 K) and various measurement temperatures from 303-503 K, respectively. The parameters C, k and T represent a constant, the Boltzmann constant (8.629 Â 10 À5 eV K À1 ) and the given temperature, respectively. According to eqn (6), The ln(I 0 /I À 1) versus 1/(kT) of CLGB:0.04Ce 3+ ,0.40Tb 3+ was plotted and shown in Fig. 9 
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Considering the good thermal performance and high IQE, the research of the fabricate w-LED device was meaningful. Fig. 10 shows the electroluminescent (EL) spectrum of the asprepared w-LED device. The device exhibited bright white light with CIE chromaticity coordinates of (0.3996, 0.3856), high color rending index (Ra) of 81. 
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